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1.0 Introduction

'Application of System Identification Techniques to Turbine Engine Post-Stall
Test and Evaluation’ was an Air Force funded study to investigate and apply
system identification techniques to post-stall engine models in a manner
which allewed AEDC personnel to become proficient in the use of these
techniques. This document is the final technical report for the second phase
of this study which was aimed at estimating post-stall characteristics of a 10
stage compressor rig model.

In addition to developing system identification capability at Arnold
Engineering Development Center, the motivation for this study was the
difficult task of producing post-stall compressor characteristics for a complex
stage compressor model. When a model form is proposed it is always difficult
to identify the correct model parameter values and to test the model's
validity. This is particularly true for post-stall compressor characteristics. A
series of recent programs [1-3] have demonstrated that system identification
techniques can help solve this problem by providing the model designers
with the ability to estimate compressor model parameters in an efficient
manner using transient data. Moreover, these tools also allow qualitative
mode] performance evaluation and provide insight into the sensitivity of
model performance to selected model parameters.

1.1 Program Goals

There were two principal goals of this program: the first was to investigate the
application of system identification techniques to a stage-by-stage compression
system model] and the second was to transfer this technology to AEDC
personnel, so that they could become proficient in its use.

The goals associated with the identification of the stage compression system
model were to evaluate the capabilities of both the estimation procedure as
well as those of 2 newly proposed model structure. The goal of technology
transfer was to enable AEDC personnel to execute all steps of an engine
identification. Toward this end, each task in the estimation procedure was
carried out in parallel by both AEDC personnel and in more detail at SCT,
with several working sessions and coordination meetings supplementing
these paralle] efforts. This proved to be a very valuable program structure
which facilitated both technology transfer and progress toward the technical
goals. It was particularly valuable to have the original model designer and test
engineers involved in the estimation process.

11
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1.2 Summary of the Method of Approach

The approach taken to achieve the goals of this program is summarized in
the following tasks:

1. Install the stage-by-stage compression system model in the system
identification software (SCIDNT), and extend the model to include
required facility inlet and exit nozzle models.

2. Analyze and pre-process test data. Combine digitally recorded data and
digitized analog recorded data for estimation.

3. Apply system identification techniques to the 10-stage model and test
data to estimate post-stall compressor characteristics.

4. Support AEDC personnel in performing the above tasks in parallel with
the SCT effort and transfer system identification technology to the AEDC
personnel through a series of tutorials and working sessions. -

The merger of the compressor stage model into the SCIDNT code involves
the follow steps: (1) modification of the compressor model to operate as a
subroutine which can be called by SCIDNT, (2) description of the COmMpressor
characteristics and governing variables as identifiable parameters, (3) merging
the code with SCIDNT, and (4} verification of the operation of the model in
SCIDNT.

The data analysis and pre-processing involves: (1) the selection of the data
which are to be used in identification, (2) determination of the signal
composition of the data, (3) preparation of the data for use in identification,
which includes signal averaging, filtering of unmodelled components such as
rotating stall, and combination of digitally and analog recorded data, and (4)
determination of signal noise characteristics and stage stall times.

Post-stall model parameters were estimated to minimize the output
prediction error between the model and test data. A modified Gauss-Newton
optimization strategy was employed to perform the minimization. The
estimation techniques embodied in the SCIDNT estimation code and a
description of the general application of SCIDNT are contained in Part II of
this report.

1.3 Summary of Results

The program goals were accomplished. The application of parameter
estimation to a stage-by-stage compressor model using high quality test cell

12
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data has been evaluated, and the technology employed has been successfully
transferred to AEDC personnel.

It has been determined that individual compressor stage characteristics can be
estimated. The stage characteristics estimated during this program improved
maodel fidelity, but not to the extent that had been anticipated. However, the
estimation results have pointed out a likely reason for this shortcoming,
which is that important physical effects are not incduded in the model, and
thus the model is unable ‘o achieve the desired fidelity in its current form. It
has also been determined that interstage data are required at all stages in order
to estimate post-stall characteristics for individual compressor stages.
Without interstage measurements only the combined dynamic characteristic
for the indivisible stages can be determined, and thus interstage dynamic
effects are lost or are inaccurate.

1.4 Report Outline

This is the final report for the program entitled "Application of System
Identification Techniques to Turbine Engine Post-Stall Test and Evaluation®,
sponsored by the United States Air Force. This report documents the program
approach, the results obtained during this effort, general conclusions and
recommendations, as well as a description of how to apply the SCIDNT
system identification code to a new engine or compression system model.
This report is organized as follows.

Volume I of this report describes the procedures and results of the application
of system identification techniques to a stage compression systern model.
Volume I is composed of the following Sections: Section 2 describes the stage-
by-stage 10-stage compression system model used in this effort. Section 3
briefly describes the parameter estimation procedures employed in this
program. Section 4 details the source and nature of the data used, and the data
reduction and analysis techniques employed. Section 5 describes the pre-stail
model matching which was performed, and Section 6 describes the parameter
estimation results achieved. In Section 7 the conclusion and
recommendations generated during this effort are presented.

Volume II of this report contains a description of the parameter estimation
theory embodied in the SCIDNT code and describes how to install an new
model into the SCIDNT code.

13
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2.0 Dynamic Compression System Model

This program applies nonlinear parameter estimation techniques to a
dynamic model of a 10-stage compression system. The model simulates
steady-state and transient prestall axial compression system operation as well
as surge and rotating stall. The model uses a stage by stage control volume
approach to solve the one-dimensional continuity, momentum and energy
equations. Blade forces and shaft work are derived from quasi-steady stage
characteristics and adjusted by a first order lag to approximate dynamic stage
characteristics. It is the goal of this effort to estimate the post-stall
characteristics and associated lag time constants in the model to improve
post-stall model performance and to gain insight into the characterization of
post-stall compressor dynamics.

This report section provides a brief description of the physics and
mathematical formulation of the compression system model. The model was
provided to SCT by the AEDC at the start of the program. The simulation was
subsequently modified to include control volumes representing the facility
inlet of the Compressor Research Facility (CRF) at Wright Research and
Development Center, and to incorporate quasi-steady characteristics

- developed from CRF test data. The updated model was provided to SCT in
November 1988, and was incorporated into the parameter estimation code
that same month. Further modifications to the characteristics were made by
CRF personnel during the course of the program, and another update of these
characteristics was transmitted to SCT in June of 1989. For ease of
communication, the modified models are herein referred to as the CRF ten-
stage model.

2.1 Dynamic Model Description

The dynamic compression system model represents one-dimensional flow
field physics. It predicts average annular conditions throughout the
compressor in both stalled and unstalled conditions. In this way the model
represents the global effect of three dimensional phenomena such as rotating
stall on the overall compression system,

The model includes both the compression and ducting systems in an overall
control volume. Acting on this control volume are an overall axial force
distribution due to the effects of the compressor blading and compressor wall,
the heat and shaft work distributions, and a distribution representing mass
transfer across boundaries other than the inlet or exit (bleeds). In forward flow
the inlet boundary conditions are the total pressure and total temperature at

14
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the inlet. The exit boundary condition is supplied by the use of an imaginary
isentropic sonic nozzle which specifies unity Mach number downstream of
the last control volume. In reverse flow, the inlet also acts as the exit
boundary, with ambient static pressure being specified.

The overall CRF conirol volume is divided into 38 elemental control
volumes. The first sixteen control volumes model the CRF inlet ducting and
bellmouth. Numbers 17 through 26 represent the actual compressor stages,
and 27 through 38 the diffuser and discharge volume. In the compression
section, each elemental control volume represents a stator followed by a
rotor. Figure 2.1.1 defines the elemental control volumes of the CRF. Figure
2.1.2 defines the elemental control volumes in the compression section.The
cheice of defining the control volume te be stator-rotor rather than rotor-
stator was made to be consistent with the way the steady-state pressures and
temperatures were measured during testing. Pressure and temperature probes
were located on the leading edge of the stator blades following each rotor.

2.2 Compressor Stage Characteristics

The dynamic compression system model used in this program represents a
ten-stage compression system by virtue of the particular system geometry and
the stage characteristics incorporated into the model. All other model terms
represent fundamental physical relationships which are common to all
compression systems. It is assumed that the system geometry is well known,
therefore this effort has concentrated on identifying the stage characteristics
and the parameters which modify them (such as the characteristic lag time
constants). In this section the implementation of the stage characteristics in
the nominal ten-stage model is described,.

Each compressor stage is represented by two characteristics: one which models
the pressure change across the stage, and one which models the temperature
change. The pressure characteristic is represented in terms of the

nondimensional flow and pressure coefficients, ¢ and yP. The temperature
characteristic is similarly defined in terms of the flow and temperature

coefficients, ¢ and ¥T. Here the stage flow coefficient is defined as,

0= {[WJFI(N!@)m]} / {w*ﬁ}
~1PT Al nNescuwal) PTT A

wherag,

wyTT

PT" A" = Constant = 0.5318.

15
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The stage temperature coefficient, y7, is defined as,

Wl o [TR - 1] [(N" Y 8)design

{N/ '\/E)actual

where TR is the stagnation or total temperature ratio. Similarly, the stage
pressure coefficient, ¥P, is defined as,

%P - [PR 1}_1.,1][%@&!5:5}2

(Nfﬁactual

where PR is the stagnation or total pressure ratio.

A typical set of quasi-steady-state stage characteristics are presented in Figure
2.2.1. The stage characteristics are divided into three flow regions: prestall,
rotating stall and reverse flow. The prestall characteristics model the
performance of the blade row with fully attached flow. In the rotating stall
region the characteristics are based upon the flow-weighted average of the
stalled and unstalled portions of the stage. The reverse flow regions represent
the pressure loss and temperature rise associated with full annulus reverse
flow.

The compressor stage characteristics are implemented in the model by a
sequence of third order polynomials whose independent variable is flow
coefficient. Each characteristic is stored as a sequence of polynomial
coefficients scheduled against flow coefficient and speed. Thus for a given
stage flow coefficient and speed the model determines which polynomial
coefficients apply in that region, and then the stage pressure or temperature
coefficient for that flow is computed from the polynemial.
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3.0 Parameter Estimation Methods

The integrated system identification process is a multi-step iterative
procedure which includes test planning, testing, mode] structure selection,
parameter estimation, and model validation steps. Test planning and testing
are included in the system identification process because often the
instrumentation and test inputs required for parameter estimation are
different from those chosen for general testing or testing for some other
specific purpose. In this effort the test planning and test operations have been
performed at the CRF and no iteration on the testing process is possible. Thus,
only the model structure selection, parameter estimation and model
validation steps are possible in this effort.

This Section describes the tools used for parameter estimation and model
structure selection, and the model structure used in this program. Because
there was only one set of test data available at each test point, model
validation to verify the model predictive capability could not be performed.

3.1 Parameter Estimation Computer Code - SCIDNT

The goal of parameter estimation is to tune a model to match the cbserved
outputs of a physical system. Mathematically this can be stated as minimizing
a cost function such as the weighted sum square errors between model
outputs and sensed test article outputs. During this effort, an SCT developed
parameter estimation package, SCIDNT, was used to perform this function.
SCIDNT is a nonlinear parameter estimation code which has been used to
estimate aircraft, surface ship and submarine dynamic models.

SCIDNT minimizes the weighted sum square model/data error through a
gradient search technique. First, the Jacobian of the cost function is computed
through off-set derivative calculations. Then an approximation of the second
derivative of the cost function with respect to the parameters to be estimated
is formed from the Jacobian. Conceptually, this is accomplished by running
the model several times, perturbing one parameter at a time. The cost
function is computed for each run using the difference between the model
outputs and measured data. From the variations in cost function and model
parameters an approximation to the Jacobian, gradient and second derivative
. are formed. Using these approximations a search is performed to minimize
the cost function.
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The actual minimization process is somewhat complicated and so is only
summarized here. For the interested reader, details of parameter estimation
theory and its implementation are presented in Volume II of this report.

The minimization process is begun by generating approximations to the
gradient and second derivative of the cost function with respect to the model
parameters to be estimated. Then a gradient search is performed to minimize
the cost function. The first step of this search is the second order "Newton"
step, based on the gradient and second derivative. The model is then
propagated using the parameter values determined by this step. If the cost
function is reduced this step is accepted, the model is updated and a new
iteration is begun.

A new iteration means that the model is once again propagated repeatedly to
form new gradient and second derivative estimates for the new model
parameter values. If the step is not an improvement a smaller step in the
Newton direction is taken. This process of shrinking the step size is repeated,
searching for an improvement in the cost function. When the step length is
reduced below a user-defined amount, the direction of the step is moved
from the Newton direction to the negative gradient direction. The search
continues using continually smaller steps until a lowered cost function is
achieved or the step size is reduced below some minimum value. The
minimization process repeatedly computes the detrivatives of the cost
function and then performs a gradient search to reduce the cost function.
Minimization continues until some convergence criterion, such as
minimum reduction of cost function or step size, or the user specified limit
on number of iterations is reached.

3.2 Identlfiability/Sensitivity Analysis Tool - SENSIT

Identifiability /Sensitivity (I/S) analysis allows the user to predict, prior to
estimation, how factors such as measurement availability, measurement
noise, and estimation parameter choice will affect the estimation process.
This allows an "optimal" set of measurements and parameters to be selected
for estimation, and also provides a means of specifying requirements for
future testing.

The computer program used for I/S analysis, SENSIT, uses partial derivative
information generated by SCIDNT and a user specified description of the
estimation case to be evaluated. The output of the code is a detailed
prediction of the estimation outcome including predicted parameter-
covariance, estimation bias caused by inaccurate values of non-estimated
model parameters, estimation set correlation, and a variety of other useful
analysis results.
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This prediction of estimation success is based on parameter estimation theory
that is described in more detail in Volume II of this report. In summary, the
theory states that in the absence of process noise, the error in the estimated
parameters of a linear system will be less than the Cramer Rao bound. The
Cramer Rao bound can be computed from the partial derivative information
produced by SCIDNT (in response to a particular user request) and user
specified inputs.

The assumptions under which the Cramer Rao bound is valid are not
actually met in this case; however, the general trends which are indicated and
the information which allows selection of the best set of parameters to be
estimated are valid and very useful. One of the most important uses of the
I/S analysis is in performing model structure selection. This process is
described in the following Section,

3.3 Modsl Structure Selection

The model structure determination phase consists of processing the
input/output data to determine the significant linear and nonlinear
equations and associated parameters that are necessary to represent the
observed system response. Choices of model structure include the
determination of model order and the mathematical form to represent any
nonlinear characteristics in the dynamic equations.

For this effort much of the model structure has been defined by the designers
of the ten-stage model. The task which remains is to describe the portions of
the model which are to be estimated in terms of the best set of identifiable
parameters,

For example, the compressor stage characteristics are implemented in the 10-
stage model by a sequence of third order polynomials whose independent
variable is flow coefficient. Each characteristic is stored as a sequence of
polynomial coefficients scheduled against flow coefficient and speed. This
amounts to several dozen coefficients for each compressor stage characteristic.
This is many more parameters than could be identified through parameter
estimation, thus a different way to describe the characteristics must be
developed if their shapes are to be estimated.

One option is to use simple parameters which modify whole regions of the
existing characteristic descriptions, such as a bias on the entire rotating stall
region. This would produce only 10 parameters, one for each stage. This
reduction in the number of parameters is accompanied by a loss in the
flexibility of the estimation process to do more than simply shift the existing
characteristics up and down. There is a fundamental trade-off between the
flexibility of the parametric description and the identifiability of the
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parameters. Many parameters allows greater flexibility, but depending on the
number and quality of the measurements available, only a limited number of
parameters can be estimated. Thus the goal in the model structure selection
process is to minimize estimation error while maximizing the flexibility of .
the model. The structure which is most flexible, and which is predicted by
SENSIT to produce acceptable estimation accuracy is chosen.

The model structure selection process is thus performed by iterating between
model structure choice and I/S evaluation using the SENSIT code to find an
acceptable model structure. The estimation parameters set chosen in this
program is described below.

For this effort much of the model structure has been defined by the designers
of the 10-stage model. The task which remains is to describe the portions of
the model which are to be estimated in terms of the best set of identifiable
parameters.

3.3.1 Model "Parameterization” - The Model Structure

This Section describes the model variables which were estimated during this
program. For a model term to be estimated it must be a constant and be placed
in an array which is modifiable by the parameter estimation code. This is
described in Part II of this report where installing a new model in the SCIDNT
code is discussed.

The model variables which were made available to the SCIDNT estimation
code are as follow:

TAU - This is the time constant of a first order lag on the force produced by
the compressor. This lag models the effects of the sfall cell dynamics on the
compressor's ability to pump. Because the lag models stall cell dynamics, it is
only applied when the compressor is stalled. Initially a single time constant
was used for the entire compressor, later estimation efforts allowed different
time constants for each stage.

TAUFAC - Modifies the lagging time constant (tau) during the reacceleration
phase of a surge cycle. This allows a different time constant during blow-
down and reacceleration. TAUFAC = 2.0 cuts the lagging ‘constant in half on
reacceleration.

HYSCOF - Hysteresis coefficient; provides a mechanism to introduce
hysteresis into the dynamic stage characteristic. The hysteresis was
implemented as a percentage of the flow coefficient at the stall point. When
recovering from stall the pressure rise coefficient is taken from a straight-line
continuation of the rotating stall characteristic above the critical flow point
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until this hysteresis flow is reached, at which point the nominal quasi-steady
characteristic is used. Thus if HYSCOF = 1.3 the pressure rise on recovery is
computed from a straight line continuation of the rotating stall portion of the
characteristic until the flow coefficient exceeds 130 percent of the critical flow.
Individual HYSCOF values were implemented for each stage; these were
termed HYSTP(x), where x is the stage number.

RSLOPE - Coefficient for changing the slope of the backflow characteristic.
This is implemented by multiplying the flow coefficient (which is the
independent variable on the characteristic curves) by the RSLOPE coefficient
for all flow values less than zero. Thus, for RSLOPE greater than 1 (one) an
effectively steeper sloping backflow characteristic results.

PRSLOP - Ceefficient for causing a discontinuity in the quasi-steady pressure
characteristics at zero flow. This is implemented as a multiplication factor on
the pressure coefficients computed from the backflow portions of the
characteristics. Thus, if the pressure coefficient is nonzero, PRSLOP =.98
results in a 2 percent discontinuity at zero flow as well as a warping of the
backflow characteristic.

BLAS4 - This coefficient defines a triangular shaped bias added to the rotating
stall portion of the stage four characteristic. This bias is of zero magnitude at
stall flow and of size BLAS4 at zero flow. Bias values lie on a straight line
between these end values.

This was implemented because at 78.5 percent speed the zero flow pressure
coefficient for the fourth stage characteristic happens to be zero and would
thus be unaffected by the PRSLOP term described above urnless some
mechanism to alter its value from zero were created.

ATERM - Defines the location of the peak of a triangular bias added to the
rotating stall portion of the characteristic. As shown in Figure 3.3.1.1 for stage
8, Aterms8 is the distance between zero flow and the stall point flow at which
the peak of the bias occurs. If Aterm=0.0 then the bias will be a right triangle
with magnitude Bterm at Phi=0.0 and magnitude zero at the stall flow. Aterm
is constrained to always be greater than or equal to zero and less than or equal
to the stall flow.

BTERM - The height of a triangular bias added to the rotating stall portion of
the characteristic. As shown in Figure 3.3.1.1 for stage 8, Bterm8 is the largest
magnitude of the bias. The remainder of the bias is formed by straight lines
which pass through zero at zero flow and at the stall flow. If Bterm=0.0 no
bias results. If Bterm is negative, a negative bias occurs.

BIASES - A bias value is added to each model output which is compared to
measured data during the estimation process. These biases allow for the
elimination of any pre-stall mismatch between the model and the test data.
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The need to remove the pre-stall model error is discussed in Section 6.1 of
this report.
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4.0 Test Data Analyses and Reduction

This section presents a discussion of the analyses and pre-processing which
were performed on the 10-stage test data to prepare them for use in parameter
estimation. Data analysis and reduction are very important steps in the
identification of compression systems. Data analysis is required to insure that
the channels are valid and consistent, as well as to determine the
measurement noise levels which are used to set the relative weightings
placed on the outputs during the estimation process. In addition, because the
model to be identified is one dimensional, the presence of any two
dimensional fiow phenomena such as rotating stall must be identified and
removed in the data reduction process. Data reduction also consists of
filtering, re-sampling data, and averaging channels to yield average annular
measurements.

4.1 Test Data Description

The data used in this study were gathered from tests of a high speed ten stage
axial compressor conducted in the Compressor Research Facility (CRF) at
Wright Research and Development Center (WRDC). The data used are from
two tests, a stagnation stall event at 78.5% design corrected speed and a surge
event at 2% speed. Digitally recorded data from test at 75% speed were also
received; however because the model contains no characteristic data below
77% speed, these data were not processed.

The measurements of the two events processed were each of two types: real
time digitally recorded, and frequency modulated (FM) analog recorded data.
The data which were recorded digitally were received early in the program
{August 25, 1988) and were used as the only measurements for many of the
identifiability /sensitivity (I/S) and estimation runs. The analog data were
digitized at AEDC and were received by SCT in May of 1989. The analog data
were subsequently added to the measurement sets and used for the remaining
1/S and estimation efforts.

The analysis and reduction of the analog and digitally recorded data for each
event are described in the following sections.
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4.2 Digitally Recorded Data at 82% Speed

The digitally recorded data sets contain 90 channels which have a nominal
frequency response of 70Hz. Details of the data collection process can be found
in Reference [4-1 Copenhaver]. There were 45 channels which corresponded
to model outputs and were ultimately combined to form the estimation
measurement set. These measurements are compressor inlet and exit total
pressures and temperatures, and total and static pressures at stages 3, 5, 7, and
9. (The stages are defined as stator-rotor pairs, and the stage measurements are
physically made on the leading edge of the stator. Thus the measurement
station is technically the exit of the preceding stage and the inlet of the
nominal stage.) The digital data sets had no measurement of the exit valve
area which was the input used to drive the test.

Data Analysis

The data analysis process performed in preparation for parameter estimation
consists of 1) checking consistency of the data channels, 2) determining the
signal composition in terms of both the dynamic phenomena and the
measurement noise and bias levels, and 3) determination of the
characteristics of the stall event. The stall characteristics of interest include the
time of stall in each stage, the extent of the pressure disturbance both across
the annhulus and along the axis of the compressor, and the number, size,
location and propagation speed of any rotating stall cells which developed.

The methods used in the data analysis included plotting and cross-plotting of
the measurements to check for data consistency and to determine the time
and characteristics of the stall event, and detrending and power spectral
density analyses to determine bias and signal composition. All signal analysis
and preprocessing was performed using the CTRL-C commercial software
package. CTRL-C is an interactive tool for digital signal processing and control
design which is particularly well suited for manipulating, analyzing,
processing, and plotting large amounts of data in vector or matrix form.

Figure 4.2.1 shows typical interstage total pressure measurements from the
digitally recorded data at 82% speed. The transient exhibits four complete
surges. The five graphs in Figure 4.2.1 show close coupled total pressures at 5
different radial locations at the 5th stage (measurement station 7). The 6th
graph is the overplot of the first five plots. Immersion A is near the inside of
the span, while immersion E is near the outside. Note that the pressure spike
at the onset of surge is much more pronounced at the outer radii. In addition,
it can be seen that the pressure disturbance of the stall is over the complete
span of the stage.
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Figure 4.2.2 shows the overplot of 10 close coupled total pressures at 5 radial
immersions on two different circumferential octants. The steady-state values
of the 10 channels agree very well. Also visible is data drop-out from
approximately 1.8 to 2.07 seconds. Since this occurs after the stall transient, it
is of no importance to the current effort.

Figure 4.2.3 shows typical total temperature measurements at two radial
immersions. Note that the temperature probes exhibit a large time constant
which necessitates the inclusion of a sensor model in the compressor
simulation if the temperature measurements are fo be of use in estimation.
(The delay in the pressure probes is small and relatively uniform on all
pressure channels, and so is neglected.)

Figure 4.2.4 shows static pressures at stage 9, inside and outside diameter
locations and total pressures from stage 9 at 5 different radial immersions.
The pressure disturbance is still over the entire span of the stage and since the
ID static pressure remains higher than the OD static pressure, no radial flow
direction reversal is indicated.

Figure 4.2.5 is a detailed view of total pressure measured in two nearly
opposite circumferential octants at the compressor inlet. From this plot it can
be clearly seen that the pressure disturbance is present around the entire
annulus of the compressor inlet.

The data at 82% speed were all found to have very low noise levels and to be
free of significant rotating stall or other two dimensional flow phenomenon.
This observation was supported by power spectral density (PSD) analysis of
the the various measurements. Figure 4.2.6 shows a typical PSD plot from this
analysis. The PSD shows that the overwhelming majority of the power in the
total pressure measurement at stage 5 is at the surge frequency of 4.8 Hz. The
lack of unmodelled dynamic effects or significant noise in the data makes it
possible to utilize this data without any additional filtering.

The final analysis task was to determine the time of stall in each stage of the
compressor. Figure 4.2.7 shows the total pressure at stages 3, 5, 7 and 9 of the
compressor plotted against data point number. With the available data
coverage it is impossible to determine which stage stalled first. At best, it can
be said that as expected, one of the latter stages stalls first and that the
surrounding stages quickly follow.
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Data Processing

The data at 82% speed were free of any significant noise and unmodelled
dynamics and so required very little processing to prepare them for use in
estimation. The processing which was required was to average the
measurements at each station to produce an average annular measurement
and then "resample” the data to achieve a regular sampling interval.

The "resampling” was required because the sample time used in the digital
recording process was not a rational fraction and thus not an even multiple of
any integration time step which might be used in the simulation. (The data
were originally recorded with a sampling period of approximately 0.00144
seconds.) Since the simulation must be able to produce the model outputs at
each measured data point, using the original data set would require constant
interpolation of the data. It was decided to resample the data at 1000 Hz. to
save computation time and to make it possible to combine these data with the
analog data which were anticipated later in the program, and would be
digitized at 1000 Hz.

A number of methods to resample the data were investigated. Among these
were fitting the data with polynomials of various orders, high order digital
filtering of the data and fitting a spline through the data. After evaluation, a
cubic spline fit was chosen. This method insures that the resampled
measurements will pass through the original data points while removing
some of the obvious "chopping" associated with linear fits. Figure 4.2.8 (Cubic
Spline)} shows a comparison of cubic spline and linear fits of a portion of the
data versus data point number.

After averaging and resampling the measurements were saved in a binary file
for utilization by the SCIDNT parameter estimation code. Figure 4.2.9
(PS30....TT07) shows a sample of the measurement channels saved for use in
estimation.

4.3 Digitized Analog Data at 82% Speed

The data which were collected through FM analog recording were from high
response probes and had a nominal bandwidth of 200 Hz. The data sets
received by SCT following digitization at AEDC contained 58 channels. Of
these channels many were redundant measurements also included in the
digital data sets previously processed. There were 19 channels of use in the
estimation process. The channels utilized represented static pressures at stages
2,4, 6, 8, 10, and the exit of stage 10 and total pressure at stage 8. In addition, a
voltage measured across a potentiometer at the exit valve was available,
providing a signal from which an approximate test input could be derived.
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As with the digital data at 82% speed the analog data were very clean. Figure
4.3.1 (PS04LH30 PSOFLH20) presents a sample of two of the interstage static
pressure measurements directly from the data set. Unfortunately the data
were not digitized at 1000 Hz. as expected, but rather the sampling interval
varied from 0.0010418 to 0.0010421 seconds. Thus the analog data also had to
be resampled to match the digital data (which had been previously resampled
to yield measurements with a 0.001 second sampling period).

The time channel on the analog data, in addition to having an inconsistent
sampling period, did not match the time recorded on the digital data sets.
Figure 4.3.2 (ANALOG VS. DIGITAL) is a comparison of the static pressure at
station 11 from the digital data set (PS11L10) and from the analog data set
(PS11LH20). Although these measurements were made at different
circumferential locations, previous analysis had shown that the pressure
disturbance was present across the entire annulus. Therefore there is
evidently a discrepancy between the time channels from the two data sets.
The time lag is too large to be due to differences in the probe bandwidths,
pressure tube lengths, transducer volumes, or a combination of these. In
addition, the digital data does not show the signal attenuation which would
be expected with such a large delay due to sensor dynamics. Thus it was
decided to shift the analog data to match the digital data. This was done by
matching the transients shown in Figure 4.3.2, and shifting all of the other
analog data channels the same amount, assuming that the data were
consistent within the data set, but tagged with the incorrect time.

Following the resampling and time shifting process the data were averaged as
shown in Table 4.3.1 to yield average annular measurements. Digital and
analog data were never averaged together io form any of the channels. If an
output channel was available from the digital data set, measurements at the
same station in the analog data set were not used. The measurements from
the analog data were assembled with the digital data channels and saved in a
binary file for use by the parameter estimation code. Table 4.3.2 contains a list
of the measurements produced by the full data reduction process and their
data set of origin.

4.4 Digitally Recorded Data at 78.5% Speed

The data obtained at 78.5% design corrected speed represent a rotating stall
event. The data channels available in the data set are the same as those
described for the 82% speed case. The data analysis and processing performed
on the 78.5% data was substantially the same as that for the 82% data;
however the 78.5% data were filtered to reduce the rotating stall component.

27



AEDC-TR-90-32

Data Analysis

Figure 4.4.1 (PTO9L1A-E PS0SL1ID+0D) shows typical interstage total and
static pressure measurements from the digitally recorded data at 78.5% speed.
The static pressures are from stage 7, inside and outside diameter locations
and the total pressures are stage 7 at 5 different radial immersions. Immersion
A is near the inside of the span, while immersion E is near the outside. Note
that the pressure disturbance from the rotating stall cell is quite pronounced
over the complete span of the stage.

Compressor inlet total pressure measured at two circumferential locations is
plotted in Figure 4.4.2 (PT2507A PT2504A). The two pressure measurements
were made in octants 4 and 7 which are separated by 135 degrees. The period
of the stall cell pressure fluctuations varies from approximately 16 ms when
the stall cell first develops, to approximately 18 ms when fully developed. The
time lag between the two measurements is approximately 7.3 ms. If a single
stall cell is assumed, the frequency of the stall cell as determined from the
measurement spacing and time lag would vary from 65 to 55 Hz. This is
38.5% to 45.2% of the rotor speed of 143.9 Hz. The bandwidth of the pressure
transducers is not sufficient to determine the size of the stall cell.

Spectral analysis was applied to determine the frequency content of the
measured data. Figure 4.4.3 (PTO7L1A PSIA) shows the time history of total
pressure at stage 5. Figure 4.4.4 contains plots of the power spectral density
(PSD) of this signal computed from a 512 point fast Fourier transform. The
upper plot is of the entire PSD, the lower plot is scaled to show the lower
frequencies. The rotating stall frequency is the most powerful spectral
component of this signal. This component around 60 Hz. and its higher
harmonics dominate the PSD's. The rotating stall phenomenon which
created this signal component is not modelled in the 10-stage simulation,
however the estimation process will try to tune the model dynamics to match
this signal as best possible. Thus it is desirable to remove or reduce the
rotating stall signal in the 78.5% speed measurements to facilitate the
estimation process.
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Table 4.3.1 Test Measurement Processing

TEST MEASUREMENT CORRESPONDING
PROCESSING TEN-STAGE MODEL
OUTPUT
IPT25XY/10 X=04,07Y=AFE PTIPC
TTT25FXC/3 X =3,6,8 TTIPC
PSO5L10 PS05
TPTOSLX/4 X=A, B D,E P05
TPSO7L1X/2 X=10 PS07
TPTO7LIX/5 X = A-E PT07
TPSOOLAX /2 X=L0 PS09
TPTOOL1X/5 X=A-E PT09
TPSI1LIX/2 X=1,0 PSC11
TPT11LIX/5 X=A-E PTO11
TPT30XY/10 X=0106Y=AE PTEXIT

Table 4.3.2 Full Estimation Measurement Set

MEASUREMENT DATA SET OF ORIGIN
PS04 ANALOG
P505 DIGITAL
PT05 DIGITAL
PS06 ANALOG
PS07 DIGITAL
PT07 DIGITAL
PS08 ANALOG
PS09 DIGITAL
PT09 DIGITAL
PS10 ANALOG
PT10 ANALOG -
PS11 DIGITAL
PT11 DIGITAL
PS12 ANALOG
P513 ANALOG
TT07 ANALOG
PT30 DIGITAL
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Data Processing

The data processing procedures for the 78.5% speed signals were the same as
those described for the 82% case, except that the raw signals were first filtered
to reduce the rotating stall component of the signal. The data were filtered
using an FFT filtering process, then averaged to yield average annular
measurements, and finally resampled to yield 1000 Hz. data.

The filtering technique used was to transform the time series (raw data) into
the frequency domain using the Fast Fourier Transform (FFT) and remove
the undesired portion of the frequency spectrum. The filtered signal in the
time domain is obtained by applying the inverse FFT to the filtered frequency
domain signal. To remove the rotating stall components from the frequency
domain signal, the principal signal component (55 - 65 Hz.) and its first three
harmonics were selectively notched out by convolving the spectrum with a
series of cosine waves. The cosine waves form a notch with zerc amplitude at
the frequencies to be removed. A cosine is used (rather than outright removal
using an inverted box car function) to reduce the rippling effects caused by the
Gibbs phenomenon. This technique introduces some rippling in the time
domain signal, but is superior to standard time domain filtering because it
does not introduce any phase shift and little signal attenuation both of which
can disrupt the estimation process.

The FFT filtering techniques was applied to the 78.5% speed digital data.
Figure 4.4.5 shows the FFT of the total pressure at stage 5 before and after the
spectral notching. Figure 4.4.6 shows the time domain signals before and after
the filtering process. Note that as the stall cell developed its frequency was
above the filtered region and so is not attenuated significantly, but once fully
developed the signal is greatly reduced. Note also the ringing introduced
prior to the start of the stall transient. This artifact of the filtering process will
not affect the estimation process since it occurs prior to the stall, and can be
eliminated by utilizing the prestall portion of the unfiltered raw data and the
filtered poststall data.

The goal of the filtering process was to reduce the rotating stall signal while
altering the measurements as little as possible. A small remaining
unmodelled signal will not have a large adverse effect on the estimation,
while significant alteration of the desired component will. Thus removal of
the rotating stall was not pursued in an aggressive manner, but rather the
minimal amount of filtering was performed.
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4.5 Digitized Analog Data at 78.5% Speed

The data channels available in the data set are the same as those described for
the 82% speed case. The data analysis and processing performed on the 78.5%
data was substantially the same as that for the 82% data, however the 78.5%
data were filtered to reduce the rotating stall component.

Samples of static pressures at stages 8 and 10 from the raw data set are
presented in Figure 4.5.1. The raw data were resampled to yield 1000 Hz. data
using the cubic spline technique. The data were then filtered using the FFT
method described above {(as applied to the digitally recorded data). The
measurement at each station were then averaged together, the analog data
were then shifted in time to match the digitally recorded data and the two
processed data sets were combined into one file for use in estimation. The
resampled, filtered and averaged static pressures at stages 8 and 10 are shown
in Figure 4.5.2
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5.0 Pre-Stall Model Matching

One of the principal goals of this effort is to estimate the post-stall 10-stage
model. However, prior to post-stall estimation it is necessary to match the
pre-stall model to the test data as well as possible. This is because mismatch
between the model and data prior to stall will persist in post-stall operation
and tend to bias estimation results. In this effort, matching of the pre-stall
model and data involved several steps including generation of a medel
input, selection of measurement biases, and estimation of the pre-stall
characteristics,

5.1 input Generatlon

The tests of the 10-stage compressor which generated the data used in this
effort were driven by closing an exit valve to throttle back the compressor
flow until stall. During testing the valve angle was lowered approximately
one half percent per second until stall was detected, and then opened until
recovery. The throttle valve position was not recorded in the digitally
recorded data and so no definite input was available to drive the model to
match the test data. In the absence of a measured input an approximate input
was created which best matched the measured outputs and produced stall in a
reasonable amount of time.

The starting point for the model was produced by running the steady-state
stacking model repeatedly to find the lowest mass flow rate which did not
produce stall in the model (given the measured compressor inlet total
pressure and temperature). From steady-state measurements the valve
closure could be approximated, but closure rate was unknown. A closure rate
on the order of one half a percent per second would require very large
amounts of computer time just to propagate the model to the point of stall,
and would produce an almost random time of stall which would be very
difficult to match with the test data. For these reasons an exaggerated closure
rate of 14 percent throttle function reduction in 0.1 sec. was used.

Studies using the c!"namic compression system model were performed at
both SCT and the CRF to determine the effect of throttle closure and closure
rate on the stall dynamics. The conclusion of these analyses was that both
closure and closure rate could affect the surge/rotating stall boundary.
However, the SCT analysis found that if this boundary were not crossed the
throttle closure rate had little effect on the stall transient itself. Thus our
selection of an unrealistically fast closure rate should not bias estimation
results.
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Figure 5.1.1 shows the three throttling function ramps imposed on the model
to evaluate the effect of throttle closure rate. When different closure rates are
used, the stall point is reached at different times ( a slower closure rate takes *
longer to reach the stall point). Figure 5.1.2 shows selected mode! outputs for
the transients which correspond to the inputs in Figure 5.1.1. To determine
the true effect of the closure rate on stall dynamics, these transients were
aligned in time. Perfect alighment cannot be achieved due the discrete nature
of the data. The aligned model outputs are shown in Figure 5.1.3. It can be
seen that the closure rate has very little effect on the shape of the transient if
the stall/surge boundary is not crossed.

5.2 Model Modifications

As mentioned in the previous Section, in order to achieve successful post-
stall parameter estimation, the compressor model must enter the stall event
at the correct operating point. That is, the pre-stall model outputs must match
the measured outputs. In order to achieve this match, several modifications
were made to the 10-stage model including inclusion of a simple facility
model and the addition of sensor bias models in the simulation.

The need for pre-stall model/data agreement can be explained with a simple
example. The heavy solid line in Figure 5.2.1 is some imaginary measured
output representative of a total pressure. The light solid line represents the
identical output from a model but subject to a slight bias. The goal of the
estimation process is to eliminate the error represented by the shaded region.
If the estimation process has access only to parameters which affect the post-
stall model performance, the best it can do is to drive the model to perform in
some very different manner such as represented by the dashed line in Figure
5.2.1. Obviously, the model which would produce the dashed output would
be very different from that which would produce either solid transient. To
avoid this type of estimation bias, the pre-stall model must be matched to the
measured outputs as well as possible prior to estimation of the post-stall
model.

To improve the pre-stall match the simulation was modified to include
control volumes representing the facility inlet of the Compressor Research
Facility (CRF), and to incorporate quasi-steady characteristics developed from
CRF test data. Further modifications to the characteristics were made by CRF
personnel during the course of the program, and updates of these
characteristics were transmitted to SCT. The goal of these modifications was
to match the model to the specific test facility and test article which produced
the data used in this program. These modifications greatly increased the
fidelity of the model, particularly in the pre-stall regime.
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In order to remove the remaining error at the stall point, constant biases were
added to the model cutputs. The model outputs were seen to exhibit pre-stall
errors that were generally consistent with reduced mass flow, however the
model could not match this flow rate. This may well indicate that some
blockage had developed in the compressor but since no explicit blockage
model exists in the simulation (other than that inherent in the compressor
in-stall characteristics} the best solution to this mismatch was to simply bias
the model outputs. This is equivalent to modelling a sensor bias on the
outputs which were measured during test.

The bias levels used at 78.5% and 82% corrected speed are shown in Table 5.1
and 5.2 respectively. The biases were input as parameters which could be
estimated by SCIDNT if desired, thus the bias values appear in parameter lists
of the SCIDNT input files.

Table 5.1 Sensor Bias Values for 78.5% Corrected Speed

PS04 =-1.65 PSi0 = -3.0
PS05 = -1.65 PT10 = 0.0
PI05 = -0.13 PS11 =-3.0
PS06 =-1.05 PTi1 = 0.88
PS07 = -1.05 PS12 = 4.0
PT07 = 1.02 PS13 = -3.0
PS08 =-1.98 TI07 = 7.0
PS09 =-1.95 PT30 = 0.6
PT09 = 0.85

Table 5.2 Sensor Bias Values for 82% Corrected Speed -

PS04 = -2.3 P510=-3.6
PS05 = -1.2 PT10= 0.8
PTO05 = -0.42 PS11=-3.0
PS06 = -2.0 PT11 = 1.88

~ PS07 =-1.55 PS12 = -20.0
PT07 = 1.42 PS13 =-16.7
PS08 = -3.0 TI07 = -9.0
PS09 = -2.45 P130 = 2.2
PI09 = 0.9
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6.0 System Identification Results

The primary objective of this study was to develop and demonstrate
techniques to identify post-stall compressor characteristics for a stage-by-stage
compressor model. The estimation was performed in two stages: the first
estimated the stall point in each stage so that the compressor would enter
stalled operation at the correct conditions, the second estimated the post-stall
characteristics themselves.

This study included a very large number of parameter estimation runs. The
runs made early in the program made use only of digitally recorded data since
the analog data were not yet available. As modifications were made to
upgrade the model capabilities many more estimation runs were made.
Estimation efforts near the end of the program made use of both digitally and
analog recorded data. Many of these runs provided intermediate results or
helped point out problems in the model or estimation process which were
subsequently remedied. Thus the estimation runs will not be reported on
individually, but rather results of summary runs and general conslusions
about groups of runs will be presented.

6.1 Estimation Using Digitally Recorded Data

The first propagation and estimation runs used only the digitally recorded test
data. These data are described in some detail in Section 4 of this report. The
most important characteristic of these data is that they only include
measurements at four interstage locations. Therefore these runs serve as a
test of how well estimation can be performed with limited interstage
measurements. The digitally recorded data were used in two types of
estimations. In the first the stall points of the quasi-steady stage characteristics
were estimnated using the steady state stacking model. Based on the success of
the stall point estimation, the digitally recorded data were also used to
estimate the dynamic post-stall characteristics. This effort was not successful
and demonstrated that measurements are required at each interstage location
in order to estimate the dynamic post-stall stage characteristics.

Initial propagations of the mode! using the digitally recorded data uncovered
a number of modelling problems such as lack of necessary facility inlet
modelling in the model and limitations in the simulation equation solver
which constrained the range of certain parameter values.

It was known from the start of the program that the original model did not
include volumes which represented the CRF inlet. This volume is important
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to match the frequency of surge behavior as well as to set the inlet boundary
conditions accurately from test data. It was discovered as additional control
volumes were added to the model that the model volumes could not
decrease in size as quickly as the physical rig because the Mac Cormack
equation solver would not converge. Thus the simulation used a more
gradually decreasing inlet geometry than actually existed in the rig.

The MacCormack solver also limited the estimation process in these early
runs, If the estimation routine attempted to modify parameters beyond 2
certain range, the conditions through the compressor model would change
too quickly and the simulation would fail to converge.

6.2 Stall Point Estimation

In order to achieve successful post-stall parameter estimation, the compressor
model must enter the stall event at the correct operating point. That is, the
pre-stall model steady state values must be accurate. The preliminary pre-stall
characteristics included in the stacked stage model were approximated from
tests of a differently configured machine than the one which produced the
test data used in this study, and so were somewhat different. Rather than
generate more accurate characteristics from the steady state test data (this was
already being done at the CRF) it was decided to try to estimate the
characteristics. At this time only the digitally recorded test data were
available, and thus estimation was performed with measurements at only
four interstage locations.

The stall points (the flow and pressure coefficient values at which the
pressure rise characteristics become positively sloped for lower flow
coefficient values) were estimated using the compressor stacking model
installed in the SCIDNT parameter estimation code. This exercise produced
confidence in the estimation procedure developed in this study and in
addition, allowed us to avoid duplicating the effort of the Compressor
Research Facility (CRF) which was in the process of building a set of
characteristics from the steady-state test data.

The available pre-stall transient digitally recorded test data were very sparse
in the sense that measurements were available only at alternating stages and
the testing was performed in a quasi-steady state condition. This dearth of
data makes estimation more difficult. Since the testing was quasi-steady, with
the compressor stages operating approximately at a single point near stall,
only the stall point was estimated. This was implemented by forcing each
stage of the model to operate at the critical, or stall, flow coefficient and to
estimate a bias on the pressure rise at this point. It is important to recognize
that this is a much simpler estimation problem than estimating the dynamic
post-stall stage characteristics. This is because the pressure rise at the stall
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points are desired rather than entire characteristics, and because the stacking
model balances the steady state equations, no compressor dynamics
complicate the problem.

The identified stall points are plotted versus the nominal characteristics from
the model and the characteristics computed from CRF steady state test data in
Figure 6.2.1. These estimates are the result of five iterations of the SCIDNT
estimation code. Using only the digitally recorded data the estimation process
was able to significantly improve the model fidelity and in general moved a
good way toward the “true” answer as defined by the stall points measured
during CRF testing.

In order to remove the remaining error at the stall point, constant biases were
added to the model outputs. The model outputs were seen to exhibit pre-stall
errors that were generally consistent with reduced mass flow, however the
model could not match this flow rate. This may well indicate that some
blockage had developed in the compressor but since no explicit blockage
model exists in the simulation (other than that inherent in the compressor
in-stall characteristics) the best solution to this mismatch was to simply bias
the model outputs. This is equivalent to modelling a sensor bias on the
outputs which were measured during test.

8.3 Characteristic Estimation

Estimaticn of the dynamic post-stall stage characteristics was attempted using
only the digitally recorded data. The estimation code was unable to estimate
the individual characteristics using these measurements which were made at
every other interstage location. When the two adjacent stages, around which
measurements were available, were coupled together by estimating one bias
which was applied to both stage characteristics, estimation was poessible, but
only limited improvement in model fidelity was achieved.

The estimation of the pairs of stage characteristics was never able to improve
the model performance more than a small amount. It is unclear whether this
is because the few measurements were incorrectly matched with model
outputs or if interstage dynamics are important enough that stages could not
be coupled in this manner. In any case, because the estimation process was
trying to make the model match erroneous data, the results of this brief study
are inconclusive at best.
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6.4 Estimation Using Combined Data Sets

The post-stall characteristics were estimated using both the digital and analog
data. These data sets provided measurements at all interstage locations as
previously described. In addition, improved nominal post-stall characteristics
were used for the estimation process.. These characteristics were the result of
steady-state testing performed at the CRF using the same machine and test
facilities as were used to generate the transient test data. The use of the
updated characteristics and model calibration by CRF personnel [4,5,6],
resulted in relatively good agreement prior to estimation.

6.5 Post-Stall Characteristic Estimation

The post-stall estimation was an iterative process. In the SCIDNT code the
user has control over a variety of parameters which influence the gradient
search process, and which for highly nonlinear estimation problems often
require some tuning. Thus, many estimation runs served as intermediate
steps towards final results. These intermediate runs will not be described
here, rather final results will be presented.

In Table 6.1 the nominal and estimated parameter values are presented for
estimation at 78.5% corrected speed. The resulting changes in the post-stall
stage characteristics are shown in Figure 6.5.1. The stage 9 and 10
characteristics and stage 5 and 8 time constants exhibit the largest and most
interesting changes due to estimation. The first three stage characteristics
were not modified by the estimation process. These stages are unusual in that
they stall at very low flow coefficients and during normal operation actually
take energy out of the gas stream. The estimation process, by not modifying
these characteristics, verifies this unusual behavior and poor component
matching,.

From the large changes in the estimated characteristics for stages 9 and 10, it
appears that some physical phenomenon exists during a stall transient which
is not included in the current model structure. It is speculated that this
estimated dynamic characteristic represents some type of dynamic blockage or
choking which is cccurring in stages 9 and 10 and is not modelted.

In Figure 6.5.2 the test data, pre-estimation model outputs and estimated
model outputs are compared. These outputs represent an average reduction
in rms output error of 39.04%, with rms error reduced in all outputs, ranging
from 16.7% to 61.6%. The total average percentage output error was reduced
to 5.9% of the mean measured output values.
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Table 6.1 Estimated Parameter Values At 78.5% Speed

[ PARAMETER PARAMETER NOMINAL ESTIMATED
NUMBER LABEL VALUE VALUE

15 BETERM4 0.0 -0.001
17 BETERMS 0.0 -0.001
19 BETERMG6 0.0 -0.002
21 BETERM?7 0.0 -0.003
23 BETERMB 0.0 0.001
24 ATERMO9 0.25 0.0

25 BETERMY9 0.0 -0.01

26 ATERMI10 0.24 0.0

27 BETERM10 0.0 <0.08
30 TAU3 0.03 0.027
31 TAU4 0.03 0.027
32 TAUS 0.03 0.023
35 TAUS 0.03 0.064
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7.0 SUMMARY AND CONCLUSIONS

There were two principal goals of this program: the first was to investigate the
application of system identification techniques to a stage-by-stage compression
system model and the second was to transfer this technology to AEDC
personnel, so that they could become proficient in its use.

The goals associated with the identification of the stage compression system
model were to evaluate the capabilities of both the estimation procedure as
well as those of a newly proposed model structure. The goal of technology
transfer was to enable AEDC personnel to execute all steps of an engine
identification. Toward this end, each task in the estimation procedure was
carried out in paralle] by both AEDC personnel and in more detail at SCT,
with several working sessions and coordination meetings supplementing
these parallel efforts. This proved to be a very valuable program structure
which facilitated both technology transfer and progress toward the technical
goals. It was particularly valuable to have the original model designer and
CREF test engineers involved in the estimation process. The program goals
were accomplished.

This study has shown that individual compressor stage characteristics can be
estimated. Stage characteristic stall points have been estimated using
measurements at only four interstage locations. Dynamic stage characteristics
have been estimated using measurements at each stage.

—-—

The stage characteristics estimated during this program improved model
fidelity significantly; however considerable model output error still exits. The
estimation results have pointed out a likely reason for this shortcoming,
which is that important physical effects are not included in the model, and
thus the model is unable to achieve the desired fidelity in its current form. Tt
has also been determined that interstage data are required at all stages in order
to estimate post-stall dynamic characteristics for individual compressor stages.
Without interstage measurements only the combined dynamic characteristic
for the indivisible stages can be determined, and thus interstage dynamic
effects are lost or are inaccurate.
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